ABSTRACT Heat or cold stress, can disrupt wellbeing and physiological responses in birds. This study aimed to elucidate the effects of continuous heat exposure in the first 2 wk of age on muscle development in broilers, with an emphasis on the pectoralis muscle satellite cell population. Chicks were reared for 13 d under either commercial conditions or a temperature regime that was 5
INTRODUCTION
Chicks' physiological response to thermal stress may initiate an irreversible cascade of events leading to muscle damage with associated changes in product quality (Mitchell and Kettlewell, 2009; Yahav, 2009; Azad et al., 2010) . Studies in broilers have demonstrated that chronic heat exposure results in lower weight gain, coupled with a lower ratio of breast muscle weight to body weight (BW) and increased intramuscular fat deposition (Baziz et al., 1996; Yahav et al., 1996; Hadad et al., 2014) . Chicks likely experience thermal stress around time of hatch; although the hatching of chicks is synchronized, it can still last up to 36 h, during which the new hatchlings are kept in the incubator without access to food or water and exposed to high hatchery temperatures of approximately 37.5
• C. In addition, the immediate posthatch handling and shipping period can last up to 2 d; during this time, chicks can be exposed to variable temperatures, including both heat and cold stresses, which can harm the birds' well-being and physiological responses (Mitchell and Kettlewell, 2009) .
A leading candidate for mediating the effects of thermal stress on muscle growth and development in postnatal growing vertebrates is the satellite cell, which is located between the basement membrane and sarcolemma of the myofibers (Mauro, 1961) . In chicken, these cells, also termed adult myoblasts, are first detected in their sublaminar position between embryonic d 13 (E13) and E16, when the basement membrane surrounding the myofibers develops (Hartley et al., 1992) . They are most active in the late-term embryo and at hatching (Hartley et al., 1992; Halevy et al., 2004 Halevy et al., , 2006a . In broilers, satellite cells are mainly active in wk 1 posthatch, after which their proliferative activity rapidly declines and they become mainly quiescent (Halevy et al., 2006b; Piestun et al., 2009a) . Satellite cells respond to various thermal conditions when they 2877 are most active, immediately after hatch. For example, in broilers, short mild heat stress in the early posthatch period causes accelerated proliferation and differentiation of satellite cells and enhances muscle growth at later ages (Halevy et al., 2001) . Furthermore, Piestun et al., 2009b Piestun et al., , 2011 demonstrated that increasing incubation temperature between E7 and E16 significantly improves relative breast muscle yield at marketing age. In contrast, longer and more stressful thermal conditions may have an opposite impact on satellite cell behavior and muscle development in the posthatch broiler. Being categorized as multipotential stem cells, satellite cells can be induced under specific conditions, at least in vitro, to follow myogenic, osteogenic, or adipogenic cellular pathways (Asakura et al., 2001; Shefer et al., 2004; Vettor et al., 2009) . Moreover, Harding et al. (2015) have recently reported that when thermally challenged in vitro, cultured satellite cells convert to the adipogenic lineage, with those derived from the pectoral muscle being more sensitive and predisposed to the adipogenic conversion than those derived from the biceps femoris. Therefore, satellite cells at their maximal activity immediately posthatch may respond differently to different thermal conditions and be induced to follow other cell lineages.
The differentiation of adipose tissue is largely controlled by the transcription factor peroxisome proliferator-activated receptor gamma (PPARγ), which is therefore considered a master regulator of adipogenesis (Rosen and MacDougald, 2006; Vettor et al., 2009) . The CCAAT/enhancer binding proteins α and β (C/EBPα and C/EBPβ, respectively), members of the C/EBP family (Rosen and MacDougald, 2006) , promote PPARγ gene transcription. Both C/EBPβ and PPARγ have been reported to be induced during the transdifferentiation of myocytes into adipocytes (Ntambi and Kim, 2000; Yu et al., 2006) and are often used as markers of adipogenesis.
In this study, we hypothesized that immediate and continuous (for up to 2 wk posthatch) thermal stress of broilers will alter satellite cell growth and characteristics, as well as muscle development.
MATERIALS AND METHODS

Experimental Procedure
Fertile Cobb-strain broiler eggs (62.5 ± 2.5 g, n = 540) were purchased from a local hatchery (Braun, Israel). The eggs were incubated in automatic incubators (Masalles, Spain, Type 65Hs) under commercial conditions (37.8
• C and 56% relative humidity) and turned through 270
• every hour. Data loggers (Microlog from Fourier Systems, UIL Ltd.) were placed in each incubator to monitor the conditions every 30 min. On E10, infertile and undeveloped eggs were removed after candling. On E19, the remaining eggs were transferred to hatching trays located in each incubator. The chicks that hatched during 8 h in the mid-term of the hatching period were weighed, sexed, and wing-banded. Male chicks were divided randomly into 2 groups (n = 100), control and heat-treated, and transferred to 2 computerized controlled-environment rooms that maintained temperature, relative humidity, and air velocity within ranges of ±1.0 • C, ±2.5%, and ±0.25 m/s −1 , respectively, under continuous fluorescent illumination. All chicks were placed in cages measuring 40 cm × 28 cm × 45 cm in length, width, and height, respectively, with 2-cm mesh size wire floors. Each room served as one experimental unit. Water and feed in mash form were supplied for ad libitum consumption. The diet was designed according to U.S. National Research Council (1994) recommendations. The chicks were reared until 13 d of age under the temperature regimes described in Table 1 . On d 3, 6, 8, and 13, seven chicks from each treatment were randomly chosen for body and breast weight measurements and pectoralis major muscle was sampled for further analysis (see below). Pectoralis major and minor muscle was sampled from additional 7 chicks for satellite cell preparation. Birds were euthanized by cervical dislocation. All experimental procedures were approved by the Animal Welfare Committee of Agricultural Research Organization, The Volcani Center, and the animals were maintained in accordance with the guidelines for care and use of laboratory animals.
Cell Cultures
Skeletal muscle cells were cultured from 6 g pectoralis muscle (major and minor) taken from chicks at various ages as previously described (Piestun et al., 2009a) . Cell cultures were prepared from muscle sampled from a pool of chopped muscles from 7 chicks. Immediately after preparation, the cells were counted using a hemocytometer, and plated at 5 × 10 4 cell/cm 2 on gelatin-coated dishes. The medium was 10% horse serum-containing Dulbecco's modified Eagle's medium (Catalog number 41965-039, Gibco, Paisley, UK) and 1% antibiotic-antimycotic solution. Cells were maintained at 37
• C in a humidified atmosphere containing 95% air and 5% CO 2 . An enriched population of myogenic cells was recovered, with less than 5% of these cells being non-myogenic. The coefficient of variation of the cell preparations was approximately 5% (Halevy et al., 2000 (Halevy et al., , 2006a .
Muscle Sampling
Seven chicks from each room were randomly chosen. Muscle samples were excised from the superficial regions of the proximal half of the left pectoralis major muscle of each chick as previously described (Halevy et al., 2004) . Muscle samples were either fixed in 4% paraformaldehyde and embedded in paraffin and then sectioned (5 μm), or immediately frozen in liquid nitrogen and kept at -80
• C for further cryosectioning (7 μm). For gene analysis, muscle samples were immediately put in RNAsafe solution (Beit Haemek Industries, Israel) and kept at -80
• C for further analysis.
Oil Red O Staining
Muscle cells were stained with Oil Red O as described previously (Harding et al., 2015) with slight modifications. Briefly, 17 h post cell preparation and plating, cells were fixed in 4% paraformaldehyde, washed with 60% (v/v) isopropanol in water, and incubated in 0.2% (w/v) Oil Red O in isopropanol for 30 min. For tissue staining, fresh cryosections were fixed in 4% paraformaldehyde, washed in water and stained in 0.3% Oil Red O in triethyl phosphate in water (60% v/v) for 30 min (Koopman et al., 2001 ). The sections were visualized under a light microscope (Olympus, Hamburg, Germany) with a DP-11 digital camera (Olympus). Three chicks were analyzed per group; 5 sections were studied per chick, monitoring 7 random fields per section.
Proliferating Cell Nuclear Antigen and TUNEL Staining and Analysis
Paraffin-embedded muscle sections (5 μm) were deparaffinized in xylene, rehydrated in a graded alcohol series, and immunostained with an antibody against proliferating cell nuclear antigen (PCNA), a marker for dividing cells, using a commercial kit from Invitrogen (Carlsbad, CA) followed by counterstaining with hematoxylin as previously described (Halevy et al., 2000 (Halevy et al., , 2001 . terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was performed with the MEBSTAIN Apoptosis Kit Direct (Medical & Biological Laboratories Co., Nagoya, Japan) according to the manufacturer's protocol. After washes, the slides were stained with 4 ,6-diamidino-2-phenylindole (DAPI). For each assay, 3 chicks were analyzed per group; 5 sections were studied per chick, monitoring 7 random fields per section. Analysis of positive cells was performed based on digitized images as previously described (Halevy et al., 2001 ).
Myofiber Diameter Analysis
Myofiber diameter was determined by analyzing the lesser myofiber diameter values as described in Dubowitz (1985) . At least 10 arbitrary fields in 2 to 3 serial sections of each muscle sample from each chick were photographed under a light microscope (Olympus) with a DP-11 digital camera (Olympus). Myofiber diameter was then determined with Adobe Photoshop software. In each muscle sample, the lesser myofiber diameter was measured for individual myofibers, analyzing between 4,300 and 4,500 myofibers from 4 to 5 chicks per each treatment.
Western Blot Analysis
Muscle protein lysates were prepared as described (Piestun et al., 2009b) . Equal amounts of protein from muscle extracts were separated by SDS-PAGE and transferred to nitrocellulose filters (Bio-Rad Laboratories, Hercules, CA). Membranes were incubated overnight at 4
• C with the appropriate antibodies and then washed and incubated for 1 h with horseradish peroxidase-conjugated goat anti-mouse or goat antirabbit IgG (Zymed, San Franscico, CA). The primary antibodies were as follows: polyclonal rabbit anti-myogenin (a kind gift from B. Paterson, National Institutes of Health, Bethesda, MD), and monoclonal mouse anti-α-tubulin (Calbiochem, Millipore Corporation, Billerica, MA). Densitometric analysis was performed on bands using Image Pro-Plus software (Media Cybernetics Inc., Silver Spring, MD). Protein levels in each lane were normalized to the levels of α-tubulin as an internal standard (Halevy et al., 2006a) .
Real-Time Quantitative PCR Analysis of Gene Expression
Total RNA was isolated from tissue samples of 7 individual chicks from each group using RNAzol RT (Molecular Research Center Inc., Cincinnati, OH) according to manufacturer's protocol. Reverse transcription to produce cDNA was completed using Moloney murine leukemia virus reverse transcriptase reagents (MMLV: Promega, Madison, WI). Briefly, 1 μg of total RNA was combined with 1 μL 50 mM Oligo dT (Operon, Huntsville, AL) and nuclease free water to a volume of 13.5 μL and incubated at 70
• C for 5 min, then placed on ice. A mixture of reaction reagents containing 5 μL of 5× MMLV buffer, 1 μL of 10 mM dexoynucleotide triphosphate mix, 0.25 μL of 40 U/μL RNAsin, 1 μL of 200 U/μL MMLV reverse transcriptase and nuclease free water up to 11.5 μL per reaction were added to each tube. Samples were then incubated at 55
• C for 60 min and 90
• C for 10 min. Following incubation 25 μL of nuclease-free water was added to each reaction. Realtime quantitative PCR (RT-qPCR) was performed using DyNAmo Hot Start SYBR green qPCR master mix (Finnzymes, Ipswich, MA) according to manufacturer's instructions for analysis of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), PPARγ, and C/EBPβ expression. Primer sequences and GenBank accession numbers are listed in Table 2 . Primer specificities have been confirmed by DNA sequencing (Powell et al., 2014a; Velleman et al., 2014) . In brief, 2 μL of cDNA was combined with a reaction mix containing 10 μL 2× DyNAmo HS SYBR green master mix, 1 μL of primer mix containing 10 μM each forward and reverse primers, and 7 μl of nuclease free water.
Reactions were run on a DNA Engine Opticon 2 realtime machine (BioRad, Hercules, CA) with the following cycling conditions: 95
• C for 15 min, 34 cycles of 94
• C for 30 s, 55
• C for 30 s and 72
• C for 30 s, followed by a final extension at 72
• C for 5 min. Amplification specificity was confirmed by resolving randomly selected samples from all RT-qPCR reactions on a 1% agarose gel.
Gene expression quantification was calculated with the standard curve method as previously described by Liu et al., (2006) . In brief, purified PCR products were used to generate a standard curve. Six serial dilutions of purified PCR products were used to produce standard curves for each gene. Serial dilutions were assigned arbitrary concentrations between 1 and 1 × 10 6 . For each sample, arbitrary molar amount of amplified cDNA was interpolated from the corresponding arbitrary standard curve molar concentration. Expression of GAPDH for the control was used at each sampling time to calculate arbitrary units because GAPDH expression was affected by treatment. Arbitrary units were normalized to GAPDH expression by dividing the arbitrary molar concentration of the samples by the arbitrary GAPDH molar concentration at each sampling time.
Statistical Analyses
Data of body and breast muscle weight, % breast muscle of BW, muscle staining, western blot analysis and mean myofiber diameter were tested each day using Student's t-test to evaluate the effect of the 2 temperature treatments. Data from the RT-qPCR assay were subjected to 2-way ANOVA with 2 treatments (Control vs. Hot), chicken age (d 3, 6, 9, and 13) and their interactions. No significant temperature treatment x day interaction was found in the 2 candidate genes (data not shown). Therefore, the effect of each treatment was evaluated using Tukey-Kramer test or Student's t-test. Statistical analyses were conducted using JMP R software (SAS Institute, 2009).
RESULTS
Body Weight and Breast Muscle Weight
In both the control and heat-treated groups, BW and breast muscle (pectoralis major and minor) weight increased during the experimental period until d 13. However, the weights were lower (P < 0.05) in the treated compared to the control group ( Figure 1A and B), and there was no overlap in BW between the experimental groups on all days. Absolute muscle growth was significantly lower in the heat-treated group on d 8 and 13 ( Figure 1C ). Feed consumption throughout the first 2 weeks and the body temperature measured on d 13 were lower in the treated compared to control group (data not shown).
Analysis of Satellite Cells in vivo
The effect of the prolonged heat treatment on satellite cell proliferation was observed in vivo by immunohistochemical staining for PCNA in muscle sections derived from 8-day-old chicks ( Figure 2A ). The number of PCNA-expressing cells was significantly more than 2-fold lower in the pectoralis muscle from the heat-treated group compared to the controls ( Figure 2B ).
The lower number of satellite cells per gram of muscle found in the heat-treated group may indicate a higher rate of apoptosis. A TUNEL assay detecting apoptotic cells was performed on muscle sections derived from pectoralis muscle of chicks 8 d posthatch. Overall, the percentage of apoptotic nuclei out of all nuclei counted within the myofiber perimeter was approximately 4%, and there was no significant difference between the experimental groups (Figure 3 ).
Effect on Myofiber Diameter
Effects of the chicks' long exposure to hot temperature were also manifested in the myofiber diameter of the pectoralis muscle at as early as 8 d of age ( Figure 4A ). In both groups, the myofiber distribution displayed typical Gaussian curves. However, while the curve peaked more sharply in the treatment group, in the control group the curve was wider, with more myofibers in lower bins but with a shift toward the higher diameter bins ( Figure 4A ). The percentage of Figure 1 . BW (A) and breast muscle weight (B) of control and heat-treated (treatment) chicks at various days of age. Breast muscle (pectoralis major and minor) weight includes sternum. (C) Percent of breast muscle weight (including sternum) of BW of chicks at various days of age. Asterisks represent statistical differences between the experimental groups within age (n = 7, P < 0.05).
myofibers with higher diameter values was higher in the controls than in the treatment group (25% vs. 15% within the diameter range of 7 to 13.5 μm). The shift in the curve was reflected in the mean myofiber diameter, which was lower in the treated group than in the controls (5.48 ± 0.02 and 5.61 ± 0.02, respectively, P < 0.05). On d 13, a distinct curve with lower diameter bins was observed in the heat-treated compared to the control group ( Figure 4B ). The mean myofiber diameter in the heat-treated group was lower than that in the controls (16.7 ± 0.2 and 19.66 ± 0.4, respectively, P < 0.05). Results are means ± SE of PCNA-expressing cells within the myofibers and are presented as percent of total myonuclei. Five sections were studied per 3 independent chicks, monitoring 7 random fields per section (total of 1,500 nuclei per chick) (n = 3, P < 0.05). Only nuclei within the myofiber perimeter were included in this analysis and regions rich in connective tissue were not included.
Myogenin Expression in Muscle
The differentiation state of the satellite cells in muscle was evaluated by quantifying the protein levels of myogenin-an early marker for the onset of satellite cell differentiation-in muscle samples from individual 7 chicks on d 13. Densitometry analysis revealed that in general myogenin expression levels were similar in both groups ( Figure 4C ).
Oil Red O Staining
Our previous studies showed that satellite cells incubated at high temperatures contain high levels of lipids, suggesting a transition to adipogenic cells (Harding et al., 2015) . Here, satellite cells derived from pectoralis muscle of the experimental chicks on d 8 and d 13 were stained with Oil Red O to detect any presence of lipid accumulation in the cells. On both days, lipid deposition was observed in cells derived from the heat-treated chicks but not in the controls ( Figure 5A ). In the heat-treated group, the number of cells with observed lipid deposition doubled from d 8 to d 13 and was significantly higher than that in the controls ( Figure 5B ).
Lipid deposition was also observed in pectoralis major muscle histological cross sections derived from the heat-treated chicks on d 13 (Figure 5Cb and Cc) compared to the controls that exhibited minimal lipid staining (Figure 5Ca ). In the muscle derived from the heat-treated chicks, the lipids were detected within the myofibers (arrows in Figure 5Cb ) and interstitially (Figure 5Cc) . 
Adipogenic Regulatory Factor Gene and Protein Expression
The expression of the adipogenic-specific genes, C/EBPβ and PPARγ, was measured by RT-qPCR in pectoralis major muscle from heat-treated and control chicks on d 3, 6, 8, and 13 of age (Figure 6 ). In the control group, the expression levels of both C/EBPβ and PPARγ were the highest on d 3 to d 6 and then declined ( Figure 6 ). In contrast, in the heat-treated group, the expression level of C/EBPβ remained similar throughout the days, and became significantly higher on d 8 and almost 2-fold higher on d 13 relative to the control ( Figure 6A ). The difference in this gene expression was confirmed at the protein level by a western blot analysis for C/EBPβ in muscle samples from d 13 ( Figure 6C ). Densitometry analysis revealed that levels of C/EBPβ protein were significantly higher in the heat-treated vs. the control group (P < 0.05). In the case of PPARγ, expression levels declined in the control group ( Figure 6B ). However, in the heat-treated group, there was only a moderate decline of PPARγ levels and on d 13 it remained slightly higher in the treatment group than in controls on d 13.
DISCUSSION
Previous studies have shown that satellite cell proliferation occurs in broilers mainly during wk 1 posthatch (Halevy et al., 2000; 2006a,b) , and that heat treatments in the embryo (Piestun et al., 2009a) or posthatch (Halevy et al., 2001 ) have a large effect on this activity. Therefore, the occurrence of drastic changes in muscle growth at only a few days of age raised the possibility that a long exposure of the chicks to high temperatures affects satellite cell numbers. In this study, we focused on the first 2 wk posthatch and show that continuous heat stress during this period results in a reduction of body and muscle growth, which is reflected in lower satellite cell proliferation and smaller myofiber diameters than in the controls. Moreover, increased fat deposition and adipogenic gene expression in the satellite cells with increased intramuscular lipid accumulation were observed.
Under precisely regulated commercial conditions, the ambient temperature of posthatch chicks in brooders starts at 33
• C and is gradually lowered to 28
• C until d 14 of age, after which it is maintained at 26
• C until processing. However, starting and maintaining this gradient at 4 to 6
• C higher than commercial temperatures for the first 2 wk posthatch caused a significant delay in the increase in BW and breast muscle weight, as well as in absolute muscle growth, from as early as d 6 posthatch; this delay worsened within time. The profound difference in the BW of the 2 experimental groups with no overlap of the values between them indicates an actual effect of the heat on BW. It is well established that male broilers selected for high growth rate and high meat yield face great difficulties in tolerating high ambient temperatures (Cahaner and Leenstra, 1992; Yahav, 2009; Renaudeau et al., 2012; Hadad et al., 2014) . However, those studies focused on heat stress that began at 2 wk of age or later posthatch. The immediate changes in body and breast weights observed in our study emphasize the importance of maintaining accurate ambient temperatures from wk 1 of age. This first week has been reported to be critical for broilers with regard to the development of various physiological systems such as the intestinal , thermoregulatory systems (Yahav, 2009) , and skeletal muscle (Halevy et al., 2000 (Halevy et al., , 2006b . During this period, muscle progenitor cells, the satellite cells, are proliferating and undergoing terminal myogenic differentiation to fuse to existing myofibers, thereby contributing to muscle growth.
The lower absolute muscle growth resulting from the prolonged heat stress suggested that the high temperature reduced the proliferation of the satellite cells. Indeed, a marked reduction in the number of PCNAexpressing cells was observed in the muscle tissue of the heat-treated group ( Figure 2B and C). It seems that there was no effect on cell death, because the number of TUNEL-positive cells did not differ significantly in Figure 6 . Adipogenic regulatory factor gene expression in pectoralis major muscle. RT-qPCR analysis of CCAAT/enhancer binding protein β (C/EBPβ) (A) and peroxisome proliferator-activated receptor gamma (PPARγ) (B) mRNA expression levels in pectoralis muscle of the control and heat-treated (treatment) experimental chicks at various days of age (n = 7). Within days, values not followed by the same superscript differ significantly (P < 0.05). Data with asterisks differ significantly within treatments at the same day ( * -P < 0.05, * * -P < 0.01). (C) Protein expression of C/EBPβ in pectoralis major muscle on d 13. A representative western blot for C/EBPβ in 3 chicks (left panel), and densitometric analysis C/EBPβ expression relative to α-tubulin levels (right panel). Results are means ± SE and presented as arbitrary units (AU, n = 7). An asterisk points on significant difference (P < 0.05).
the control compared to the heat-treated groups. We cannot rule out a possibility that cell death other than apoptosis, such as autophagy cell death (Mariño et al., 2014) may occur. Yet, the results are in agreement with the findings of Harding et al. (2015) that incubation of satellite cell cultures under increasing temperatures up to 43
• C has no effect on their survival, suggesting that the heat stress affects cell-cycle events rather than their viability, and probably causes cell quiescence. We and others have previously reported that feed deprivation for the first 2 d posthatch in broilers (Halevy et al., 2000) or poults (Moore et al., 2005) , or feed restriction during wk 1 (Velleman et al., 2010) decrease satellite cell proliferation but do not impair their survival. Similarly, reduction in satellite cell proliferation with no apparent effect on apoptosis was observed in amino acid-deprived cell cultures (Powell et al., 2013 (Powell et al., , 2014b .
The lower number of proliferating satellite cells found on d 8 in vivo may result in a smaller reservoir of progenitor cells; such a reservoir is crucial for nucleus ac-cretion in the hypertrophying muscles of the growing animals (Allen et al., 1979; Yablonka-Reuveni, 2011 ). Normally, the major process of myofiber hypertrophy occurs after 2 wk of age (Aberle and Stewart, 1983; Remignon et al., 1995) . Here, however, the decrease in muscle hypertrophy due to heat stress was immediate: as early as the end of wk 1 posthatch, and more clearly on d 13, the heat-treated group presented fewer myofibers in the higher diameter bins and a lower average myofiber diameter than the control group ( Figure 4A and B). Interestingly, there was no apparent effect on myogenin expression levels, implying no effect on the onset of satellite cell differentiation but probably on later stages of fusion to the myofibers. Together, these results agree with our and others' previous findings in which significant stress in the first days posthatch impairs muscle growth due to a decreased proliferation of satellite cells and decreased hypertrophy (Halevy et al., 2000 (Halevy et al., , 2003 Mozdziak et al., 2002; Velleman et al., 2010) .
Satellite cells are considered to be adult muscle stem cells with the ability to differentiate under certain conditions into other cell lineages, including adipogenic and osteogenic cell types (Asakura et al., 2001; Shefer et al., 2004) . Intramuscular fat deposition in broilers occurs under stress conditions such as food restriction (Velleman et al., 2010 (Velleman et al., , 2014 or delayed feeding (Powell et al., 2016) . Here, continuous heat stress induced fat deposition in satellite cells derived from the pectoralis muscle by the end of wk 1 posthatch, which continued to increase in wk 2 ( Figure 5A and B). In muscle, fat deposition was observed in interstitial areas presumably due to induction of adipocyte proliferation or to fibroblasts switching into the adipogenic lineage. Moreover, fat deposition was observed in myofibers of the heat-treated group. This could have been due to: (a) fusion of satellite cells, either in their transdifferentiating process or already transdifferentiated to an adipogenic lineage, into myofibers: induction of adipogenic gene expression and satellite cell transdifferentiation to the adipogenic lineage has been demonstrated in satellite cell cultures incubated under high temperatures (Harding et al., 2015) , or when protein synthesis was impaired (Powell et al., 2014a,b) . Also, Velleman et al. (2010) demonstrated marbling adipocytes in pectoralis muscle of chicks that were feedrestricted immediately post hatch; (b) epigenetic modifications in the myonuclei caused by the severe heat stress, resulting in the induction of adipogenic genes and lipid deposition: epigenetic modifications have been reported in genes involved in thermal adaptation because of heat exposure in wk 1 posthatch, a critical period for thermal-control establishment (Kisliouk and Meiri, 2009 ); (c) accumulation of lipid droplets in myofibers as a result of adipogenic gene expression in satellite cells without their conversion to adipocytes. The similar myogenin levels found in the pectoralis muscle of the experimental chicks on d 13 suggests that satellite cells in the heat-treated group were in their initial differentiation process while accumulating fat. In addition, melengestrol acetate has been reported to induce adipogenic gene expression in cultured satellite cells without their conversion to adipocytes, resulting in lipid-droplet formation within myotubes (Chung and Johnson, 2009) ; (d) a change in the myofiber metabolism towards fat deposition due to the heat stress. Our previous studies in male broilers have shown a positive correlation between ambient temperature and abdominal fat deposition (Yahav et al., 1996) . It may well be that even without adipogenic transdifferentiation, fusing satellite cells into myofibers can still indirectly contribute to the deposition of intramuscular adipose tissue.
Notably, the results support our hypothesis that the degree and duration of thermal stress affect the response of satellite cells and could lead to opposite effects on their myogenic activity. While short and mild heat stress, during either pre-or posthatch periods, immediately induced myogenic proliferation and had a promotive effect on muscle hypertrophy (Halevy et al., 2001; Piestun et al., 2009a,b) , prolonged, high heat stress had the opposite effects: reduction in satellite cell proliferation and less hypertrophy with increased adipogenic gene expression and fat deposition. Together, our previous and current results suggest high sensitivity of the muscle progenitor cells-at times when they are highly active in the early posthatch period-to nutritional and thermal changes. Stresses such as chronic heat exposure or dietary variations that lead to impaired myogenicity of satellite cells and may help drive the cells to an adipogenic lineage.
